Until recently, very little was known about mitochondrial biogenesis and function during the life cycle of malarial parasites. Plasmodium species were thought to rely solely on glycolysis for the generation of ATP (36) (37) (38) . The appearance of acristate mitochondria and the absence of a complete complement of functional Krebs cycle enzymes (6, 38) established the role of the mitochondria in the asexual parasite as an exclusive electron disposal mechanism for pyrimidine de novo biosynthesis (17, 20) . On the basis of the sensitivity of the organisms to various mitochondrial inhibitors, recent reports have speculated on the possibility of an energy transport system in malarial parasites (7, 18) . A classical functioning mitochondrion in Plasmodium falciparum has been implicated by the use of the cationic fluorescent dye rhodamine 123. This dye was used to demonstrate that the mitochondria in asexual parasites maintained a high transmembrane energy potential, indicating they are metabolically active (13) . The enzyme cytochrome oxidase has been defined in P. falciparum and localized to the mitochondrial organelle (37) .
The malarial mitochondrial genome has not been characterized. Three reports have identified a 20-to 30-kilobase (kb) closed circular extrachromosomal DNA in several species of Plasmodium (14, 25, 43) . This DNA was classified as mitochondrial on the basis of its physical structure and subcellular fractionation. The partial sequence of a smallsubunit mitochondrial rRNA has been mapped to this DNA molecule in P. falciparum (15) . In most other systems, the mitochondrial genome consists primarily of closed circular species-specific molecules that encode several polypeptides and all tRNA and rRNA genes necessary for mitochondrial protein synthesis. These genomes operate independently of the nuclear genetic system and usually encode five main polypeptides (three subunits of cytochrome c oxidase, cytochrome b, and ATPase subunit 6) as well as a number of polypeptides within other unidentified open reading frames. In the mammalian system, these open reading frames have been found to encode several subunit polypeptides of NADH-coenzyme Q reductase (2, 10, 39) .
One of the genes encoded by most mitochondrial systems corresponds to the polypeptide cytochrome b. Cytochrome * Corresponding author.
b is one subunit of a large multimeric complex known as coenzyme QH2-cytochrome c reductase. The cytochrome b protein is thought to play a role in the heme-binding activity of this mitochondrial complex (35, 42) .
In this paper, we report the identification of the gene encoding the polypeptide cytochrome b from the avian malarial parasite Plasmodiulm gallinaceum. The sequence of this polypeptide demonstrates significant similarity to mitochondrial cytochrome b sequences from yeast (32) , human (2), bovine (4), and Aspergillus nidulans (41) cells. This is the first identification of a mitochondrial nucleic acid sequence in a malarial parasite and suggests the existence of a cytochrome system in Plasmodium species. The cytochrome b gene from P. gallinaceum was found to be contained within a 6.2-kb multimeric DNA element that is conserved among a number of Plasmodium species (24) . This conservation may reflect similar functional activities of cytochromes and electron transport within the mitochondria of various Plasmodium species.
MATERIALS AND METHODS
RNA preparation. Total P. gallinaceum RNA was prepared from approximately 5 x 10' zygotes (24) . Parasites were lysed in a buffer containing 1% sarcosyl, 50 mM N-2-hydroxy-ethylpiperazine-N'-2-ethanesulfonic acid (HEPES; pH 8), 2 mM EDTA, and 100 mM NaCl (lysis buffer). After lysis, RNA was immediately extracted with phenol-chloroform (1:1) and repeatedly extracted until the interphase was clear. Total RNA was precipitated by the addition of 0.4 M sodium acetate and 2.5 volumes of ice-cold 100% ethanol. Poly(A) mRNA was isolated from total RNA by two passages over oligo(dT)-cellulose (5).
Gel electrophoresis, blotting, and hybridization. Gel electrophoresis of RNA was carried out in 1% agarose gels containing 20 mM Na2HPO4-NaH2PO4 ( 
RESULTS
Identification and characterization of P. gallinaceum cDNA encoding cytochrome b. Our original interest was to analyze highly expressed genes during the zygote stage of P. gallinaceium. Previous work (24) had identified a highly conserved, 6.2-kb extrachromosomal DNA element from P. gallinaceum that hybridized to multiple RNA transcripts. The purpose of these experiments was to isolate and analyze cDNA clones corresponding to these transcripts. Therefore, a P. gallinaceum zygote cDNA library was screened with the genomic DNA element clone MA1.7 ( Fig. 1) . From this screening several clones were identified, and recombinants were found to be multiple copies of phage with one of three insert sizes. The largest of the clones had an insert size of 2.7 kb; the other clones had insert sizes of either 1.6 kb or 500 bases. According to our DNA hybridization results, the multiple copies of each insert appeared to be identical.
Restriction mapping of clone 2-2D, which contained an insert of 2.7 kb, is shown in Fig. 1 LG Ca I F HYSSN thus allowing some preservation of secondary structure.
LG CLI--I HYTSD As in the yeast gene for cytochrome b, the Plasmodium (Fig. 5, lane 1) . The large message detected with the 2-2D insert is presumed to encode the Plasmodium cytochrome b polypeptide. As predicted ies in cytochrome b sequences.
from the open reading frame analysis of this polypeptide, the ceum (P), S. cerevisiae (Y), bovine RNA transcript would have to be at least 1 kb long.
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To identify transcripts that were generated from either Eto play a role in cytochrome b strand of the 2-2D insert, the insert was cloned into the s l alignment, vector Bluescript, and RNA transcripts were synthesized off opposite strands by using the T3 and T7 promoters (see Fig.  1 for directions of the T3 and T7 transcripts). These trane b proteins at both the amino scripts were then used as probes against P. gallinaceum In addition, there is a region RNA blots (Fig. 5, lanes 2 and 3) . With the T3 promoter used an, and fungal proteins that for RNA synthesis, at least three transcripts were detected e Plasmodium sequence (resi- (Fig. 5, lane 2) : one of approximately 5 kb, one of 1.2 kb, and our invariant histidine residues a third of less than 300 bp. When RNA probes were g sites in cytochrome b and the synthesized by using the T7 promoter, transcripts of approx-42) were present in the Plasimately 5 kb, 1.8 kb, and less than 300 bp were detected. modium sequence (His-85 and His-99). The other two histidine molecules (His-186 and His-200) would be located near the break in the Plasmodium cytochrome b polypeptide and may reflect membrane folding patterns slightly different from those of yeast, mammalian, and fungal cytochrome b polypeptides. The Plasmodium sequence contained seven other histidine molecules that may participate in the binding of heme. In addition, the basic amino acids (Arg-82, Arg/ Lys-102, and Arg-181) that are thought to play a role in the formation of salt bridges with the propionate side chains of the protohemes (35, 42) were also present in the Plasmodium sequence.
A comparison of the hydropathy plots for yeast, human, A. nidulans, and Plasmodium sequences demonstrated a high degree of similarity (Fig. 4) . This similarity may reflect the fact that most of the substitutions in the Plasmodium protein sequence are conservative substitutions of the IleLeu-Val-Ala type. The protein-coding region of Plasmodium species is predicted to be an integral membrane protein with five membrane-spanning regions (Fig. 4) . The amino acid proline, which produces bends in a polypeptide sequence, was found 14 times in the Plasmodium sequence. Of these 14 
DISCUSSION
Mitochondrial genomes have been extensively studied in recent years. The entire sequence, organization, and biogenesis of mitochondrial DNA from a number of higher eucaryotes have been completely determined (3, 10) . In most systems, the mitochondrial genome operates autonomously from the nuclear system. Replication, transcription, and translation of a select set of mitochondrial polypeptides occur only within the mitochondrion.
One of the polypeptides encoded by the mitochondrial genome is the cytochrome b subunit of coenzyme QH2-cytochrome c reductase. The amino acid sequence and structure of this polypeptide are very well conserved among a number of species. In this paper, we have presented evidence that the sequence for cytochrome b in malarial parasites is located within the 6.2-kb DNA element previously described (24) . This polypeptide is translated by utilizing a codon usage similar to that in other mitochondrial genetic systems. Like cytochrome b from other organisms, the Plasmodium cytochrome b is predicted to be a trans- (27) . A gap ( Ill) was introduced in the Plasmodiium sequence to allow a more meaningful comparison. The predicted transmembrane regions (see Fig. 2 (35, 42) . Several other amino acid residues thought to be involved in cytochrome b heme-binding activity are conserved in the Plasmodium sequence.
The Plasmodium cytochrome b polypeptide maps onto a 1.2-kb RNA transcript (Fig. 5, lanes 1 and 2) . In addition, it appears that P. gallinaceum also synthesizes transcripts off the opposite strand of the DNA element (Fig. 5, lane 3) . These transcripts may correspond to large-subunit rRNA molecules, as indicated from the nucleic acid homology search. In the blots probed with the T7 and T3 RNA transcripts (Fig. 5, lanes 2 and 3) (14, 25, 43) . This closed circular DNA was identified as mitochondrial on the basis of its physical structure and subcellular fractionation. In addition, a partial sequence of a P. falciparum small-subunit mitochondrial rRNA has been mapped to this molecule (15) . It has been well documented that certain mitochondrial systems consist of large closed circular DNA molecules as well as a number of small polydisperse circular and linear DNAs (33) . These mitochondrial episomes have a variety of functions and appear to be extremely species specific. The Plasmodium DNA element is thought to be a similar type of molecule (24) . We have proposed a model which suggests that the mitochondrial genome in malarial parasites is composed both of large closed circular DNAs and smaller episomal molecules. These different mitochondrial DNA species may act independently or as an organized unit. The genes encoding other mitochondrion-associated polypeptides may be located on the smaller 6.2-kb DNA element and the large closed circular 20-to 30-kb DNA molecule. Expression of these genes from either DNA molecule may be dependent on stage-specific requirements.
The identification of cytochrome b from a malarial parasite confirms previous speculation regarding the presence of a functional cytochrome system (22, 40) . Malarial parasites were originally thought to derive essentially all energy requirements through the Embden-Meyerhof pathway (38) . Plasmodium species apparently lack most of the enzymes required for the citric acid cycle (6, 38) , and the mitochondria of some intraerythrocytic parasites appear to have an acristate morphology (1, 28, 30) . The malarial mitochondrion was originally thought to be involved only in pyrimidine de novo biosynthesis (17, 20) . The presence of cytochrome b in P. gallinaceum would serve to explain the sensitivity of the malarial parasite to mitochondrial inhibitors and antibiotics that are thought to have their sites of action in the mitochondria (7, 9, 16, 18) . The identities of the other components of the coenzyme QH2-cytochrome c reductase complex have not yet been determined. A much more detailed biochemical and physiological investigation will be required to elucidate the mechanism involved in energy transport in malarial parasites.
